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ABSTRACT 


Most of the known superionic solids are silver based which are not cost 
effective. Therefore, it may be desirable to explore the possibility of 
enhancing the conductivity of so-called normal ionic solids so that they can 
be used as a substitute. Mixed ionic crystals have attracted considerable 
interest in recent times to this effect. With this motivation the KCl-KI mixed 
crystal system has been chosen for the present work. The binary system 
exhibits both solid solution as well as two-phase mixture region and the two 
alkali halides do not undergo any solid-solid phase transition. A maximum 
enhancement of conductivity by a factor of 450 and 169 (i.e., more than two 
orders of magnitude) with respect to pure KCl is observed at 400^ C for KCl 
+ 0.2 KI in the two-phase region and for KCl + 0.8 Klin the solid solution 
region respectively. The observed enhancement in conductivity cannot be 
explained on the basis of existing classical doping concept or by any law of 
mixtures. The significant enhancement of conductivity in the solid solution 
region is explained using the Lattice Loosening model on account of a large 
mismatch (21%) in the ionic radii of the host CL and the dopant L ions. 
Percolation model explains the conductivity enhancement in the two-phase 
regime. Different techniques such as XRD, BET and FT-IR are used to 
characterize the samples besides complex impedance analysis, to extract dc 
electrical conductivity. 
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Chapterl 

Introduction 


1.1 General Review 

After Faraday propounded the laws of electrolytes, the need of ionic solids, 
where the charge transport occurs via movement of ions, for practical 
applications started brewing. Since 1967, a large number of such solids have 
been discovered and numerous applications were found such as solid state 
batteries, fuel cells etc. The conductivity, which plays a dominant role for 
their applications in solid state devices, paved a path to discover many ionic 
crystals. 

Tubant et found high ionic conductivity in Agl. They discovered that 
the conductivity of Agl in solid state is almost the same as that in the liquid 
phase. For practical applications, silver based ionic conductors cannot be 
used because of their cost unless it is absolutely essential. 

The ionic conduction can be explained by the concept of lattice defect or 
interstitial ions. From the crystallographic point of view, a perfect ionic 
crystal would be an insulator. The movement of ions from one part of a 
perfect crystal to another part would be impossible if it were to occur only 
through direct exchanges between the anions and the cations. The energy 
which would have to be supplied to effect such a mechanism is so large (« 
15 eV, for example in NaCl) that in one gram mole of the solid, such an 
event would occur only once in some » years^^'^l In order to explain the 
ionic transport in solids, the presence of what is known as “point defects” 
was first invoked by Frenkel’-^^^ He proposed that under the influence of 
thermal vibrations, the ions may occasionally receive enough thermal energy 
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to leave their normal place of residence (lattice site) and get pushed into a 
nearby void space (interstitial site), ordinarily not occupied by any ion. 
Under further thermal excitation, such an interstitial ion may jump from one 
interstitial position to another, until it finds a vacant normal site and drops 
into it. In presence of an electric field, the (positive) interstitial ions will 
jump more frequently in the field direction than in the opposite direction, 
giving rise to a net movement of charge (i.e., ionic conduction). Schottky^^^^ 
developed a model in which there exists an equal number of anion and 
cation vacancies but no interstitial ions. Both Frenkel and Schottky type of 
point defects are now well accepted and constitute the basic foundation of 
the modem theories of ionic transport in solids which is the subject matter 
for chapter 2. 

All silver halides like AgCl, AgBr etc. exhibit Frenkel defect while almost 
all alkali halides like KCl, IQ, NaF etc. are known to show Schottky defect. 
In alkali halides, Mott and Littleton (1938) have calculated the heat of 
formation of Frenkel {Hp) and Schottky {H^ defects. For example, in NaCl, 
they found Hf = 2.9 eV which is much larger than the value c>fHs(1.86 eV), 
and as a result, the concentration of Na^ interstitials is negligible even at 
temperatures close to the melting point of NaCl. Thus NaCl, indeed all alkali 
halides, are said to exhibit Schottky type of defect. 

1.2 Types of Solid Ionic Conductors 

The solid ionic conductors can be classified on the basis of nature of charge 
carriers as: 

■ Cationic Conductors 

■ Anionic Conductors 
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Based on the structure, the solid ionic conductors can be clubbed into four 
classes: 

■ Crystalline Ionic Conductors 

■ Amorphous Solid Electrolytes 

■ Polymeric Solid Electrolytes 

■ Composite Solid Electrolytes 

Based on the magnitude of conductivity of various solid ionic conductors, 
they can be grouped into three categories: 

■ Poor Ionic Conductors (cr < Q'^cm'^) e.g., alkali halides. 

■ Moderate Ionic Conductors < cr e.g., AgBr, j3-AgI, 

CaF 2 , PbF 2 , Ca0.Zr02 

■ Superionic Conductors (a > 70'^ e.g., a-AgI, RbAg 4 l 5 , j8- 

alumina etc. 

The conductivity of ionic solids is a product of two exponential functions of 
temperature, concentration of defects and mobility of these defects (section 
2.1). The mobility of defects in all normal salts lies in the range 10'‘^ to 10'^ 
cm V S' . Thus concentration of defects is largely responsible for 
determining the magnitude of conductivity of the solid ionic conductor at a 
given temperature. Thus the above classification can also be derived at on 
the basis of concentration of defects'-^l 

On the basis of concentration of defects, the ionic conductors can be 
classified as under: 

■ Poor Ionic Conductors or Dilute Point Defect Type (n< lO'^/cm^) 
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■ Moderate Ionic Conductors or Concentrated Point Defect Type (n ~ 

■ Superionic Conductors (n ~ l(f^/cm^) 

13 Past Work 

A great deal of work and research have already been undergone to develop 
solid state materials that exhibit high ionic conductivities due to their 
potential applications in solid state batteries, fuel cells, sensors etc. Several 
techniques have been adopted to enhance the conductivity of pure solids. 
The following discussion gives the idea about some of the major techniques 
employed for enhancement of conductivity in solid electrolytes: 

1.3.1 Stabilization of “average” or disordered structure 

High ionic conductivity observed in has been attributed to its 

unique structure. It has bcc structure, in which anions (T ions) occupy the 8 
comer (0,0,0) as well as body center positions (V 2 ,V 2 ,V 2 ). There are now 42 
interstitial sites available for two Ag"^ ions. The probability of occupancy of 
these sites is much less than unity. The situation is described as average 
structure. 

a-Li 2 S 04 is another superionic conductor which has the “average” stmcture, 
with jS-a transition temperature at ~ 575 ^C. Several efforts have been put 
into stabilizing its “average stmcture” at or near room temperature^^’^l Table 

1.1 lists some superionic solids, which owe their high ionic conductivity to 
“average structure”. 
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Table 1.1 Some selected superionic conductors with “average” or 
“molten” sub-lattice structure. 


Compound 

Mobile Ion 

Ionic (/3) - 

Superionic (a) 

transition 

temperature (^C) 

Conductivity a 

a- Ag2S 

Ag" 

175 

4.1 (200) 

a- Ag2Se 

Ag" 

133 

3.1 (200) 

a- Agl 

Ag" 

147 

1.3 (150) 

a- Ag3SI 

Ag" 

235 

2 (240) 

a- Na2W04 

Na"" 

589 

1.5 X ICf^ (800) 

a- Li2S04 

Lf 

575 

1.03 (600) 


1.3.2 Dispersion of fine insulating particles 

Liang^*^ was the first to report orders-of-magnitude enhancement in the 
conductivity of Lil due to dispersion of fine insulating AI2O3 particles. 
Subsequently, the effect was found to be quite general, not just limited to 
dispersion of insulating particles such as AI2O3, Si02, fly-ash etc., but even 
dispersion of AgBr solid solution in jS-Agl*-^^ , Na2S04*-^^ solid solution in f5- 
Li2S04 etc., were found to enhance the conductivity significantly. Such 
highly conducting materials have shown good promise for high energy 
density batteries and are now popularly called “composite solid 
electrol)des”. 

Some examples of composite solid electrolytes are given overleaf; 
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Lil-AlzOa^®^ 

Agl-Al203^'^ 

Na2S04-j3-Li2S0/^etc. 

1.3.3 Doping 

1.3.3.1 Aliovalent Doping 

Aliovalent doping is doping with ions whose valency is different jfrom that 
of the host ion. Koch and Wagner*-'®^, Kelting and Witt'-*^^, Teltow^^^^ have 
reported enhancement in conductivity of solid ionic conductors due to 
aliovalent dopants. An aliovalent dopant increases the concentration of 
certain kind of defects, as demanded by the charge neutrality condition. 

1.3.3.2 Homovalent Doping 

Substitution of ions having the same valency as that of the corresponding 
host ion also has a tremendous effect on conductivity. The enhancement in 
conductivity depends on the concentration and the relative size of the 
dopants. There always exists a size difference between the dopant and the 
host. The size mismatch factor 5 is defined as 



where ri and are ionic radii of the impurity (dopant) and the host ions 
respectively. Larger the mismatch factor 5, higher is the enhancement in 
conductivity. 
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The conductivity of Lilo tsBiq 25 was found to be ~ 5 x 7 0'^ cm^ at 293° K, 
which is higher than the pure components at the same temperature (Table 
1.2). Apart from the conductivity enhancement the homovalent dopants are 
found to decrease the transition temperature as observed by Shahi and 
Wagner'-^'^^ in j8-AgI - AgBr mixed crystals. The same effect was observed 
by Ihara et (Table 1.2) in Agli.xClx (0 < x < J .0) in the temperature 
range 60-200° C. The effect of CV ions is more pronounced than that of Br 
ions because of large mismatch in case of the former. For various other 
mixed crystals studied so far, the conductivity enhancement is shown in 
Table 1.2. An inspection of this data will reveal the fact that for a particular 
composition of dopant, the conductivity attains a maximum value. This is 
consistent with the phase diagram which exhibits a minimum for the 
composition, implying the maximum possibility of increment in defect 
concentration at any temperature. 

A semi quantitative model, viz., “Lattice Loosening Model”’-*^^ explains the 
transport properties in mixed crystals. Since the host and the dopant ions 
have the same valency, classical doping concept cannot be used to explain 
the observed enhancement in conductivity. Shahi and Wagner^^^^ have 
argued that both the concentration and mobility of the defects affect the 
enhancement in conductivity. According to the Lattice Loosening Model, the 
substitution of the homovalent ions which are either larger or smaller than 
the host ions, usually leads to a decrease in the melting temperature as 
supported by phase diagrams and hence in formation and migration energies 
of defects. 
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The role of wrong size (mismatch factor 5) can be further gauged from the 
following observations. The conductivity enhancement in KCl-KBr wdth a 
low mismatch factor of ~ 8% is only by a factor of 2, whereas in CsCl - 70 
m/o TlCl with a higher mismatch factor of ~ 13% the enhancement in 
conductivity is ^ 7 x l(f aX 387 Hence it is desirable to study the effect 
of wrong size substitutions on the ionic transport in mixed crystal systems. 
The substitution of too large or too small ions might cause the host ions 
around the dopant to readjust in order to allow the dissolution. Thus the 
elastic displacement so produced is likely to weaken the bonding between 
the atoms or cause lattice loosening. 

Varotsos'-^®’^^’^^’^^^ has proposed a purely thermodynamical theory, called 
CBQ Model, which predicts, among other things, the composition of the 
mixed crystal which exhibits maximum conductivity and diffusion 
coefficient. This model which works well for some systems, fails to explain 
the observed behavior for several other mixed crystals. Besides a major 
disadvantage of this model is that it does not predict the magnitude of a 
enhancement. This model along with the Lattice Loosening Model has been 
discussed in chapter 2 in more details with quantitative approach. 


8 



Table 1.2 The electrical conductivity (cTc) and the relative conductivity 
{ajcoy cjo being the conductivity of the pure component) at a fixed 
temperature T fC) of some selected mixed crystals. 


Mixed Crystals 

Conductivity cr^ 
{Q-‘cm') 

C^x/^o 

Temperature CC) 

KCl + 70 m/o 

5.5 X 10-' 

5 

660 

KBr + 50 m/o 

2.9x10'^ 

63 

500 

LiBr + 40 m/o 

JJxW 

34 

385 

NaCl + 47 m/o 

8.0x10-' 

10 

393 

CsC\+ 70 m/o 

T1C1[13] 

5.6x10'^ 

7x10' 

387 

Agl + 40 m/o 

4.3x10-^ 

16 

25 

AgBr + 30 m/o 
Aglf’^^ 

6.5x10-' 

77 

25 

Agl + 70 m/o 
AgCl^'^^ 

7.9x10-' 

125 

25 

LiBr + 75 m/o 

5.0x10-' 

80 

25 

KCl + 50 m/o 

NaCf*^ 

8.0x10-^ 

80 

500 

KBr + 70 m/o 

2.5x10-^ 

500 

500 
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1.4 Motivation and Scope of Present Investigation 


Most of the known superionic solids are silver based which are not cost 
effective. Therefore, it may be desirable to explore the possibility of 
enhancing the conductivity of so called normal ionic solids so that they may 
be used as a substitute. With this motivation, one such alkali halide system 
namely KCl-KI is chosen for the present work. Apart from this the binary 
system exhibits both solid solution as well as two-phase mixture region and 
the two alkali halides do not undergo any solid-solid phase transition. 
ions are lighter and highly electro positive and thus can be used for high 
energy density batteries. KCl-KI system has been investigated because of 
large mismatch in the ionic radii of chloride and iodide ions { 1.81 A and 
2.20A respectively, mismatch factor 5 = 21%), thus expecting a large 
conductivity enhancement in the solid solution region, as suggested by the 
Lattice Loosening Model. Thus, in a nutshell, the aim of the present work 
may be stated as below: 

• To enlarge the available data on mixed crystals. 

• To study the effect of homovalent dopant namely KI on the ionic 
transport properties of KCl. 

• To show the effect of wrong size of the dopant and the host (size 
mismatch) on the conductivity. 

• To test the validity of the Lattice Loosening Model and the CBf} 
Model developed for mixed crystals. 
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Chapter 2 


Theoretical Aspects 

2.1 Ionic Conductivity of Pure Crystals 

The motion of charged defects in an electric field gives rise to an ionic 
conductivity, which usually dominates the electrical behavior of an ionic 
crystal because electronic conductivity is absent. The general form of Ohm’s 
law says that the current density is proportional to the electric field 

J = q Vdnftn = qjjnE = oE (2.1) 

Here J is the current density, q is the charge on the defect, n is the 
concentration of defects, p. is the mobility of defects, Vdnft is the drift velocity 
acquired by the charge carrier in the presence of an external electric field, E 
and O' is the conductivity. 

Therefore the expression for conductivity is given by, 

a = nqjj. (2.2) 

For MX type of ionic solids, the total conductivity should include 
contribution firom both positively and negatively charged defects. So the 
most general expression for conductivity of an ionic solid is 

cr = cr+ + cr. = n+qii+ + n.qjj.. (2.3) 


Where the symbols have their usual meanings. 
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2.1.1 Concentration of point defects 

As pointed out earlier, to explain the presence of ionic conduction, the 
concept of point defects was invoked. At absolute temperature (i.e. T = OK), 
every crystal is free of point defects. At T > OK, there is always a certain 
(finite) concentration of defects owing to thermal agitations. A large number 
of solids exhibit Schottky type of defect (cation and anion vacancies in equal 
number; for example, in monovalent salts like alkali halides). Frenkel type 
of defect is usually exhibited by silver halides, many oxides, rare earth 
fluorides, etc. 


2.1. 1.1 Schottky Defects 

The production of Schottky defects, for example in alkali halides (MX), can 
be represented by the following reaction^: 

Crystal (MX) ^ V'm + V‘x ' (2.4) 


The condition of electroneutrality requires Schottky disorder to occur with 
the formation of equal number of cation (wc) and anion {n^ vacancies, i.e., Uc 
= na = ns (say). This increases the configurational entropy (Scj) given by: 


Scf 


A: In 


(A+«5)! 

Nln^l 


,2 


(2.5) 


’^Kroger (1970) notation has been used for representing the defects. 
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where k is the Boltzmann constant, and the term inside the bracket gives the 
number of ways in which the Schottky defects can be arranged over N 
lattice sites. The free energy change AG associated with the formation of 
Schottky defects is then given by^^”^^ 


AG = -kT]m 


{N + n,)\ 


( 2 . 6 ) 


The equilibrium concentration of defects is then obtained by the usual 
procedure of minimizing the free energy change (i.e., = 0). In the 

dn 

approximation ns« n, we get 




_N _ 




(2.7) 


In terms of enthalpy (HJ and entropy (SJ of formation of Schottky defects 
(gs = Us - TSJ, the concentration of vacancies is given by 


nc=na 


■ Ne 




2k 

\ J. 

2kT 

pV y 


( 2 . 8 ) 


Eq. (2.7) is often considered to be an expression of law of mass action, i.e., 
the product of the concentration of anion and vacancies and of cation 
vacancies is a constant, equal to exp(-gs/kT), at a given temperature. Eq. 
(2.7) is valid even if the two concentrations are unequal, as in case of a salt 
like Pbl 2 and in aliovalently doped crystals. 
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2.1.1.2 Frenkel Defects 


In MX type solids, the formation of (cationic) Frenkel defect is expressed as 

Crystal =>Vm + M\ (2.9) 

Where V'm stands for a negatively charged vacancy at the cation site and M‘i 
denotes the M ion (cation) with an effective positive charge, denoted by the 
superscript • located at an interstitial site, denoted by the subscript i. The 
Gibb’s free energy of the crystal containing np Frenkel defects is increased 
by an amount npgp (gp is the free energy of formation of a Frenkel pair of 
defect), and simultaneously decreased by the configurational entropy arising 
from the disorder in the position of the interstitials and vacancies. For 
Frenkel defects, the equivalent of Eq. (2.6) is 

AG = ripgp -kT\a 


N\ 


N,'. 


(,N-r,py.np[(_Ni-np)\«p{ 


( 2 , 10 ) 


where N, is the number of interstitial sites per unit volume. The usual 
minimization procedure gives (for np « N, Nl) 



’«c' 




n 


F _ 
NN. 




kT 


( 2 . 11 ) 


Once again, the product of the two concentrations is a constant at a fixed 
temperature. Substituting gp = Hp- TSp, where Hp and Sp are enthalpy and 
entropy of formation respectively, and Nj = 2N for solids with rock salt 
structure, we get 






2k 

2kT 




( 2 . 12 ) 
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2.1.2 Mobility of Defects 


During the diffusion and ionic conduction process, the ions must move 
through the lattice from one site to another by jump process. The jump 
frequency w is expressed as^^^^ 


w 



(2.13) 


where v is the vibrational (attempt) frequency of the ions vibrating 
harmonically around their equilibrium positions and the migration energy gm 
is the height of the barrier separating the two equivalent adjacent sites. 


Consider a solid with NaCl-structure. An interstitial position will be 
available for the cation at a distance a/2 where a is the interionic distance. In 
presence of a DC electric field E the jump in the direction of the field takes 
place with an increased probability (Lidiard^^'^^ Chandra'-^^) 




w‘ =ve 


kT 


(2.14) 


and a jump against the field will take place with a reduced probability 
given by 




=ve 


kT 


(2.15) 


The net number of ions moving per unit volume in the direction of field 
(assuming eaE«kT) is given by 


n(w^- w^’) 


nweaE 

kT 


(2.16) 
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where n is the number of charge carriers per unit volume. The amoimt of 
charge passing per unit area per unit time, i.e., the current density is given by 


J 


na^e^wE 

kT 


(2.17) 


Comparing Eq. (2. 17) with j=cjE=nefjE^ we get the following expression for 
mobility 




a^ew 

kT 


(2.18) 


For vacancy conduction in NaCl type solids, the charge carrier has to jump a 
distance 2a in the field direction. Hence the mobility term will contain an 
additional numerical factor 4. 




4a 

kT 


^ h_ 

ve^e 


(2.19) 


where h and s are enthalpy and entropy of migration respectively. 


2.1.3 Ionic Conductivity 

For ionic solids with rock salt structure in which the dominant type of 
defects are cation and anion vacancies (Schottky defect), the ionic 
(electrical) conductivity, i.e., Eq. (2.2) becomes 


cr=e(nc/Uc+na/Ja) ( 2 . 20 ) 

Substitution for the concentration ric and ria [Eq. (2.8)] and the mobilities //c 

and jUa [Eq. (2.19)] leads to 


a= 


ANa^e^ 

kT 



( 2 . 21 ) 
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where e is the electronic charge and the subscripts s, c and a denote Schottky 
type, cation vacancy and anion vacancy respectively. 


The above equation can be written in a simplified form as 


(jT =A(. e 


tac. 


kT 


+ Aae 


kT 


( 2 . 22 ) 


Thus if more than one defect t 3 q)es are involved in the conduction, the a vs. 
T dependence cannot be used to obtain any of the relevant transport 
parameters because of the complexity of Eq. (2.22). Fortunately, for most 
ionic solids, a particular type of defect dominates over the others (Friauf*-^^^) 
and, in that case, Eq. (2.22) for a single conduction mechanism, can be 
written as 

( E ^ 

-Elo. 

kT 

C7T=Ae^ ^ (2.23) 

For all alkali halides except for fluorides and cesium halides, the cation 
vacancies are the dominant charge carriers, and hence the parameters (A and 
Ea) in Eq. (2.23) can be assigned exclusively to cation vacancies. 


2.2 Ionic Conductivity of (Aliovalentlv) doped Crystals 


2.2.1 Concentration of Defects 

The principle of doping the pure crystal with aliovalent impurities was first 
realized by Koch and Wagner'-^’^ and subsequently illustrated by Kelting and 
Witt^^*^; Teltow^^^^ and others. Consider a solid whose intrinsic defect is 
either Schottky or Frenkel type. Let Xc=nc/N and Xa=nc/N be the molar 
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fractions of the two complementary defects (cation and anion vacancies). Eq 
(2.7) can be rewritten as 

XcXa=Xos^=e (2.24) 

where Xos is the molar fraction of Schottky defects in the pure (undoped) 
solid. If C is the molar fraction of the aliovalent dopant (say Ca+2 in a 
monovalent salt like NaCl), the condition for electroneutrality demands that 
Xc=C+Xa (2.24a) 

Eq. (2.24) then becomes 

Xc(Xc-C)=Xos^ (2.25) 


which is a quadratic equation in The solution is 


^c=— 


C 

2 


1 + 


4x^05 


1 

^2 


C" 


+ 1 


(2.26) 


Substituting this value ofxc in Eq. (2.24), we get 


C 

2 


^ ^ Ax^os 
V ”C^ 


1 

'^2 


(2.27) 


When the concentration of the dopant C is large compared to that of 
thermally produced (intrinsic) defects (i.e., C»Xos) which is generally the 
case at lower temperatures, Eqs. (2.26) and (2.27) lead to 


Xc~C and Xa~ 


'‘OS 

C 


«1 


(2.28) 


Thus the concentration of one type of defects (cation vacancies, say) 
becomes nearly the same as that of the dopant (divalent cations, in the above 
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examples), and the concentration of the other (complementary) defect is 
made relatively negligible. The effect of doping was demonstrated most 
spectacularly in AgBr : Cd"^^ system by Teltow’-^^l 


At higher temperatures Xos»C (intrinsic region), the Eqs. (2.26) and (2.27) 
yield 


^os 



(2.29) 


which is the same as that for pure (undoped) crystal [Eq. (2.7)]. 


2.2.2 Ionic Conductivity of Doped Crystals 

Since the mobility of the defects remains almost unaffected due to the 
presence of a small quantity of aliovalent impurity, the conductivity 
expression for a doped ionic solid exhibiting Schottky defects can be written 
as 


a = - 


ANa^e^ C 


kT 


(l^.±^^)2+i 




U J 


kT 


+ 


ANa^e^ C 

y 

kT ^2 






hsa] 

k 

L 

kT 

\ ^ j 




(2.30) 


For C»Xos (extrinsic region), the ex can be approximated by 

(Sc 


rr ANa^e^ „ , 
CTi = ; VrCe' 

k ^ 




k ] 


^ —hsn 


kT 


(2.31) 
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2.2.3 Estimation of Transport Parameters 


Eq. (2.31) is in a much simpler form and thus permits the determination of 
transport parameters {hsc and associated with the cation vacancies, from 
the conductivity data on divalent cation doped samples. Likewise, ionic 
conductivity measurements on divalent anion doped solid 5 delds information 
associated with anion vacancies. Thus cr vs. T data on pure, divalent cation 
doped and divalent anion doped solid leads to complete characterization of 
ionic transport processes. 

The conductivity at high temperatures [intrinsic region, Eq. (2.23)] can be 
written as 



(2.32) 


where 




ANa^e^ 

kT 



Ik k J 


(2.33) 


In low temperature (extrinsic) region, the conductivity [Eq. (2.31)] can be 
expressed as* 



02 = 


(2.34) 


The change in T is very small (by a factor of 2 to 3) compared to the change 
in sigma, which is of several orders of magnitude. Hence it is customary to 
write Eq. (2.23) in form of Eq. (2.32). 
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where 


ANa^e^ 


kT 


fs 


v^Ce 


sn. 


(2.35) 


Thus the slope of loga 2 vs. 1/T plot directly gives the activation energy E 2 , 
i.e., the enthalpy of migration of defects h and hence the mobility can be 
calculated from cr^ ( = Similarly, Eq. (2.32) gives the activation energy 
El =(H/2+h) and hence H, the enthalpy of formation of the defects, can be 
obtained. By having a knowledge of Vc, the pre-exponential factor A 1 and .^2 
will give the formation and migration entropies of the defect. The knee 
temperature in the loga vs. 1/T plot occurs at the temperature at which the 
concentration of intrinsic (thermally produced) defects equals that of 
divalent dopants Xos-C. 

In general the solubility of aliovalent impurities is always limited, 
particularly at lower temperatures. Thus, when a doped sample is cooled, the 
impurity phase may precipitate out at lower temperatures. In addition, a 
divalent cation impurity tends to form what is called impurity-vacancy pairs 
with the cation vacancies owing to their mutual attraction. Both the 
concentrations of the impurity-vacancy pairs and the solute (impurity phase) 
are temperature dependent. Thus the logcr vs. 1/T plot for a typical salt like 
alkali halide is a curve of constantly changing slope. The modem data 
analyses employ computer fit methods^^®’^*^ to obtain the best and the most 
consistent set of transport parameters. 
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2.3 Theory of Ionic Conduction in (Homovalent) Mixed 
Crystals 


2.3.1 The Lattice Loosening Model 

If the dopant has the same charge as the corresponding host ion, e.g., NaCl 
doped with KCl, the classical doping concept (see Sec. 2.2) cannot be used 
to explain any change (generally enhancement) in the conductivity. Even 
though a formal theory is yet to emerge, a semi-quantitative “Lattice 
Loosening Model”, based on certain empirical correlations observed in ionic 
solids, has been proposed by Shahi and Wagner^^^ and tested by Johaimesen 
and McKelvy^^^’^^^ in KBr-IQ and KCl-KBr systems. 

According to the above model, the substitution of a wrong size ion generally 
introduces strain in the host lattice, and thereby weakens the bonding that 
eventually results in lowering of the melting point of the salt. That the phase 
diagrams of various binary systems generally exhibit a minimum in the 
melting point versus composition (liquidus/solidus) curves may be taken as 
evidence for it. Since the formation and the migration enthalpies of defects 
are correlated to the melting temperature of the solid'-^'^’^^^, the effect of 
wrong-size dopants ultimately is to decrease the formation and migration 
enthalpies of the point defects, and thus to increase both the concentration 
and the mobility of the point defects leading to enhanced ionic conductivity. 

2.3. 1.1 Concentration of Defects in Mixed Crystals 

Whether the enhanced conductivity of the mixed crystals is due to increased 
concentration of charge carriers (defects) or due to enhanced mobility of the 
defects or due to a combined effect of both, has been a matter of 
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investigation. Wallace and Flinn'-^^^ reported as much as 7% of vacancies in 
KCl-KBr mixed crystals from X-ray density measurements. However, such a 
large defect concentration was found inconsistent with the conductivity 
results which led Haven^^^^ to conclude that the above measurements must be 
in error. However, Holt et have investigated the pure and divalent 
cation-doped KCl-RbCl mixed crystals, and reported an enhanced 
concentration of vacancies. 

A semi-quantitative expression for the concentration of point defects in 
mixed crystals can be arrived at in view of the existing good empirical 
correlation between the enthalpy of formation Hs of Schottky defects and the 
melting point of ionic solids. Table 2.1 lists the formation enthalpy Hs 
and melting point data for alkali, thallium and lead halides. As first pointed 
out by Barr and Lidiard^^'^^, Hs and are linearly related 

Hs=aT„, (2.36) 

where a is the proportionality constant and has a value ^ 2.14 x 10'^ eVK\ 
Eq. (2.36) is an expression of the plain fact that stronger the bonding, higher 
is the melting point and hence more energy is required to displace the ions to 
form vacancies. Eq. (2.36) may be rewritten in the case of mixed crystals as 

Hs.=aT„^ or (77,, - 77J = zlTT,, = (2.37) 

where x refers to the concentration of the mixed crystals, and 77,, and 77,o the 
formation enthalpies of mixed and pure crystals respectively. Eq. (2.37) 
expresses that the change in the formation enthalpy of the mixed crystal 
(AHsx = Hsx-Hso) with respect to that of pure crystal is proportional to the 
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Table 2.1 Enthalpy of formation and migration of some ionic solids*^^*^"*’ 


Salt 

Melting 

Point 

(^Q 

Enthalpy of 

Formation 

(eV) 

Enthalpy of Migration 

ieV) 

Cation 

Vacancies 

Anion 

Vacancies 

KCl 

768 

2.26-2.31 

0.71 

0.67-1.04 

KI 

680 

0.6-0.22 

0.6-1.21 

0.5-1. 5 

■gH 

846 

2.64-2.72 

0.84-1.02 

1.35-1.65 

NaCl 

800 

2.18-2.38 

0.66-0.76 

0.9-1. 1 

^^1 

992 

2.42-3 

0.52-0.95 

1.46 

m 

661 

1.46-2.27 

0.47-0.78 

- 

NaBr 

755 

1.72 

0.8 

1.18 

m 

606 

2.2 

0.41 

- 

LiF 

842 

2.34-2.68 

0.65-0.73 

1.1,0.67 


24 





















change in the melting point {AT^:) of the mixed crystal T,rix with respect to 
that of pure crystal 1^0- The expression for the concentration of die Schottky 
defects [Eq. (2.8)] for mixed crystals can be rewritten as® 



nx =Bxe 


IkT 


(2.38) 


where Bx is a constant. Thus the ratio of the concentration of Schottky 
defects in the mixed crystal to that in the pure crystal is given by 




Hx-Hn 


2kT 


B, 


(2.39) 


o 


Substituting the value of (Hx - Ho) = AHx = aAT^x from Eq. (2.37) in Eq. 
(2.39) we get 




aAT 


mx 



B, 


Br 


IkT J 


(2.40) 


Thus the concentration of defects in the mixed crystals relative to that in 
pure crystal may be calculated from a knowledge of the change in the 
melting point AT„oc of the mixed crystal, provided the ratio of the pre- 
exponential factors 


X o 


Bx 


= e 


2k 


J 


(2.41) 


®Since the mixed crystal KCl-KI dealt in this thesis shows Schottky defects 
only, the subscript s is dropped henceforth. 
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can be calculated. We are not aware of any such calculation in mixed crystal. 
However, the entropies of formation of vacancies in the mixed crystal (5;c) 
and that in the pure crystal (^o), in general, will not be very different, and 
hence their difference {Sx - So) is likely to be negligible. Thus B/Bo may be 
taken to be of the order of unity^^’^^^, and Eq. (2.40) may then be written as 
fa^T \ 


mx 


2kT 


n. 


(2.42) 


which expresses the relative concentration of vacancies as a function of the 
change in the melting point of the mixed crystal. Since the melting 

point of the mixed crystal is generally less than that of the pure component, 
i.e., ATmx is generally negative, Eq. (2.42) predicts an enhanced 
concentration of Schottky vacancies in the mixed crystal compared to that in 
the pure crystal. 


2.3. 1.2 Mobility of Defects in Mixed Crystals 

In mixed crystals, mobility of ions also increases. A very good correlation 
between the enthalpy of migration of defects and the melting temperature 
was given by Barr and Lidiard^^^^ The h vs. behavior is also found to be 
reasonably linear, and can be expressed by 

h = pim-r (2.43) 

where p (= 0.84 x 10'^ eVK^) and y (= 0.2 eV) are constants. For mixed 
crystals, Eq. (2.43) may be rewritten as 

hx = pTmx - r or hx- ho = Ahx = pATr„x (2.44) 
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The ratio of the mobility of cation vacancies in the mixed crystals to that in 


the pure component may be written as [see Eq. (2.19)] 


( s -s 


fh -h ^ 

X 

o 


X 

- 2 . 

k 


kT 

V 

J 



J 




(2.45) 


where and Vo are the basic vibrational frequencies, and and So, the 
migration entropies in the mixed and pure crystal respectively. To a first 
order approximation, we assume ^ Vo and Sx ~So, so that 


Mx 


(h -h \ 

X o 

kT 


(2.46) 


Substituting the value of hx- ho = Ahx = pAT^x from Eq. (2.44) in Eq. (2.46), 


one obtains 


Ejl 


pM 


mx 


kT 


(2.47) 


which predicts an enhanced mobility of vacancies as well in the mixed 
crystals as AT^x is generally negative. The depression in the melting point at 
most is of the order of lOOK, i.e., ATrnx = -lOOK, hence -PATrJkT L 6 dX 
600K. Thus the maximum enhancement in the mobility of the defects in the 
mixed crystals is expected to be of the order of 5 or so. 


2.3.1.3 Ionic Conductivity in Mixed Crystals 

The ratio of the mobility of cation to that of anion vacancies in the mixed 
crystals remains almost the same as that in the component crystals over the 
entire composition range, as inferred from the diffusion coefficient 
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measurements in KBr-KCF®^ mixed crystals. Thus if the cation vacancies 
are the more mobile species in the pure component, they are likely to remain 
so in the mixed crystals as well. Thus assuming that the cation vacancies are 
the dominant charge carriers, the ionic conductivity in mixed alkali halide 
crystals (o^) relative to that of pure crystal (ob) may be expressed as 


rr n u 

cTq n u 


(2.48) 


Substituting the value of {njn^ and from Eqs. (2.42) and (2.47), we 

get 

a 


-a^p\LT 


mx 


kT 


CT, 


(2.49) 


which on substituting the values of the constants a and ^ and the Boltzmann 
constant k = 8.62 x 10'^ eVK^, yields 


^22.17Ar 

mx 


= e 


(2.50) 


'o 


The above equation which is based on the Lattice Loosening (LL) model and 
the empirical correlations between the enthalpies of formation and migration 
vs. Tm [Eqs. (2.36) and (2.43)] expresses the enhancement in of the mixed 
crystals relative to that of the pure crystal ob as a function of the change in 
the melting point due to the substitution of homovalent ions. An inspection 
of various binary alkali halide phase diagrams'-'^'^^ reveal that the lowering in 
the melting point AT^ ranges between 50 and 125'^C. Eq. (2.50) would thus 
suggest that the enhancement in the conductivity of various mixed crystals 
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may be expected to be in the range w 70 to » 256> at « 500K and « d to » 700 
at 600K. The data given in Table 1.2 are, by and large, in broad agreement 
with this prediction. Eq. (2.50) and the LL model will be further examined in 
Chapter 4 in view of the present investigation in KCl-ET system. 

2.3.2 The Maximum Conductivity Composition 

2.3.2.1 The Lattice Loosening Model 

The LL model contained in Eq. (2.49) predicts the conductivity 
enhancement as a function of the depression in the melting point AT^x- Thus 
if AT„a: is known as a function of composition, Eq. (2.49) can be used to 
predict the conductivity at any desired composition. It is obvious that within 
the LL model, the maximum conductivity composition would be same as 
that at which the melting point is minimum. In other words, the maximum in 
the (Jx vs. X plot would coincide with the minimum in the Tm vs. x plot of the 
phase diagram. The available experimental results, though very few, do 
support the above prediction. 

2.3.2.2 The CBQ Model 

Varotsos'-^^’^^^ has proposed a purely thermodynamic theory to predict the 
composition corresponding to the maximum enhancement in crand diffusion 
constant Z) in the binary mixed crystal system. According to this model the 
ratio of the conductivity (or diffusion coefficient) of a mixed crystal to that 
of pure crystal is 


<j D 
— or — = e 


B Q 
0 0 0 


V 


kT 


CBQ. 




CBQ 
o o o 


/") < 1 ^ 
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where 

C, Co = Constants. 

B, Bo = Isothermal Bulk modulus of the mixed and pure crystal 
respectively.(i.e., 1/k and lAo, k and ko being the compressibility of mixed 
and pure crystal respectively.) 

Q Do — Mean volume per atom of the mixed and pure crystal respectively. 
The predicted composition Xm which will give maximum o/ao is given by the 
following relation*-^^^ 




k 


-2 




m 


x\ 


k 


( 2 . 52 ) 




where 

kd = Compressibility of the defect volume. 
ko = Compressibility of the pure crystal. 

= (V,/Vo)-l 

The term “defect volume” and the symbols F; and Vg are explained below. 
Let Vo and v; be the volume per molecule of the pure component-I and II 
respectively (assruning v/>Vo) and let Vg and F/ denote their respective 
molar volume such that Vo = Nvg and Vj = Nvj where N is the Avogadro’s 
number. The defect volume v‘^ is defined as the increase in volume Vg by 
replacing one molecule of component-I by one molecule of component-II, 
i.e., v‘^ = vi- Vo. 

The compressibility ratio, kdAg can be derived from Bom’s model^'^'l 
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The Eq. (2.52) has been found to predict correctly for several systems, 
viz. NaCl-NaBr, KI-RbI, KI-Nal, KCl-RbCl and KBr-KI. The CBQ model 
will be re-examined further for our present investigation in KCl-KI system 
in Chapter 4 . 

2.3.2.3 The Percolation Model 

The Percolation model or the Random Resistor Network model (RRN) was 
proposed by Dieterich and coworkers*-"*^^ and has successfully explained the 
enhancement in the conductivity of composite solid electrolytes. The RKN 
model assumes the existence of three types of regions (resistors) in the 
composite material, one is the insulating resistor representing the lack of 
conduction through insulating particles, next is the highly conducting 
resistors representing the enhanced interfacial conductivity and at last the 
normally conducting resistors representing the conduction in the pure ionic 
conductor. Thus one has the first two types of resistors in a matrix of 
normally conducting resistors. This is then mapped on to the problem of a 
random walk on a lattice with three types of bonds, and the diffusion 
constant is calculated by means of Monte Carlo simulations. The results of 
the simulations show that the enhanced conductivity starts at a critical 
concentration of the dispersed particles corresponding to the onset of 
percolation of highly conducting bonds. However, as the concentration 
increases, one encounters the second critical concentration where the 
conducting bonds start forming closed loops inside the system and the 
conductivity drops drastically leading to the conductor-insulator transition. 
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Chapter 3 


Experimental Details and Characterization 
Techniques 

3.1 Experimental Setup 

3.1.1 Sample Holder 

Fig.3.1 shows the schematic diagram of the sample holder. It consists of 
three identical lava discs (diameter ~ 2.5 cm and thickness ~ icm), each 
having a central hole and four symmetrically located holes near the 
periphery. The lava discs, after machining were heated slowly to 100(fC 
and kept at that temperatures for two hours before cooling inside the furnace. 
This kind of heat treatment was necessary to harden the lava disc and also to 
remove any moisture content. Pair of stainless steel rods was passed through 
the two diametrically opposite holes to provide support to the sample holder. 
The spring which was so located that it remains outside the furnace, applied 
uniform pressure due to spring action to ensure a firm contact between the 
electrodes and the sample. A quartz tube was used to provide the body of the 
sample holder. 

The flat surfaces of the cylindrical pellets were polished on different grades 
of fine polishing papers to remove the surface contamination and to obtain 
smooth and parallel surfaces. The surfaces were then coated with graphite 
paint, which will act as the electrodes. The pellet was carefully placed 
between the two silver electrodes. The spring mechanism ensures that there 
was a firm contact between the electrodes of the sample. 
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Teflon disc 



Spring 


Insulating lava disc 


Stainless-steel 
rod 

Thermocouple 

Quartz tube 

Silver wire 

Electrode 
Sample 

tttr^ — 4T* 





Fig. 3.1: Sample holder for complex impedance analysis 



3.1.2 Furnace and Temperature Controller 

An electrical resistance heating furnace comprising of a mullite tube 
(internal diameter cm), over which kanthol wire was wound uniformly, 
has been used. The resistance of the heating element was 28.2 Q. A high 
temperature cement was applied over the kanthal to fix it in place. The 
mullite tube with cemented kanthal wiring was enveloped with a cylindrical 
stainless steel container and the space between mullite tube and the steel 
container was filled with glass wool in order to minimize the heat loss. 

A chromel-almnel thermocouple was employed to measure the temperature 
of the sample. A DMM is connected to ouQ^ut of this thermocouple and 

moreover a PID type temperature controller (Indotherm 40 ID) has been 

% 

used to control the temperature of the furnace. A platinum-/ 5% rhodium 
thermocouple has been used for providing feedback to the temperature 
controller, which compares set temperature & actual temperature and 
accordingly supplies the required power to the furnace. The accuracy of the 
DMM used is IpiV. 

3.1.3 Impedance Analyzer 

HP 4192A fully automatic impedance analyzer along with a HP 1607A-test 
fixture is employed for a wide range of complex impedance measurement. 

Impedance analyzer is a small-signal AC measurement device with a wide 
range of frequencies to investigate the electrochemical properties of the solid 
electrolytes. The instrument has an auto balancing bridge with a test signal 
from 5 mV to 1 mV. One can sweep the frequency from 5Hz to 13 MHz. 
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The two display modes ‘A’ or ‘B’ can be selected to measure the quantities 
of interest as in Table 3.1. Usually one uses a parallel mode of connection so 
that the resultant semicircle plot of Zcosd and ZsinO can be utilized for 
calculating the resistance of the various components present in the circuit. 
Depending upon the presence of interfacial capacitance, and grain 
boundaries, the plot takes different shapes. 


Table 3.1: The Displays ‘A’ and ‘B’ of Impedance Analyzer 


Display A Function 

Display B Function 

\Z\\ Absolute value of Impedance 

1Y|: Absolute value of Admittance 

6 (deg/rad): Phase angle 

R: Resistance 

X: Reactance 



G: Conductance 

B: Susceptance 

L; Inductance 

Q: Quality Factor 

D: Dissipation Factor 

C; Capacitance 

R: Resistance 

G; Conductance 


The equivalent circuit modes are auto, series and parallel, and one can select 
any of these depending upon ones interest. 


3.1.4 Experimental Arrangement 

The block diagram in Fig.3.2 shows the experimental set up for the 
conductivity experiments. The sample whose electrical or dielectric 
properties to be measured are made in the form a pellet by applying a force 
of 4 tons in the cylindrical form and after applying necessary graphite 


35 




coating, placed between the silver electrodes of diameter 11 mm in the 
sample holder. A special type of sample holder was constructed for this 
purpose. The silver electrodes are brazed to silver wires to provide 
connection to the impedance analyzer, and chromel-alumel thermocouple is 
attached with the sample holder to measure the temperature of the sample, 
which is connected to a Kiethly DMM (Digital Multimeter) which will 
measure the temperature as a function of voltage. From the calibrated tables 
one can calculate the temperature of the sample. A temperature controller 
(Indotherm 40 ID) is used to control the furnace temperature. The various 
components of this set up were discussed in detail above. 


Impedance Furnace and Sample holder Temperature DMM 
Analyzer Controller 



Silver Leads 


Chromel-Alumel 

Thermocouple 


Fig. 3.2: Block diagram of the experimental set-up used in the ionic 

conductivitv measurements 
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3.2 Structural Analysis by X-rav Powder Diffraction 
(XRD) 

Phases present in a material are important as it is directly related to its 
electrical properties. In order to identify the various phases present in the 
samples containing the various mole fractions of KCl and KI, X-ray 
diffraction patterns have been taken and analyzed. 

The X-ray diffraction patterns of various compositions were recorded using 
a computerized Richeifert (ISO-DEBYEFLEX 2002D) powder 
diffractometer using a filtered CuKJX = 1.542 A) radiation. The generator 
was operated at 30 kV and 20mA. The scanning speed was 3° /min in 2 6. All 
XRD patterns were recorded at room temperature. 


3.3 BET Measurement 


The BET (Brunauer, Emmet and Teller) calculation was first introduced in 
1938. It is the most commonly used characterization of specific surface area. 
The BET surface area (which includes all internal surfaces) is calculated 
from a multilayer adsorption theory. The method may be defined simply as 
the physical characterization of material structures using a process where gas 
molecules of known size are condensed and the resultant sample pressure are 
recorded and used for subsequent calculation. This data, when measured at 
constant temperature, allows an isotherm to be constructed. Isotherm data is 
then subjected to a variety of calculation models to obtain surface area. 

The BET equation should produce a straight line plot, the linear form of 
which is most often represented as: 


Ps 

V/Po-Ps) 


1 

VmC 


+[ 


C-1 , Ps 
Pa 


(3.1) 
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where: 


= Volume of monolayer 
Ki = Volume adsorbed 
Ps = Sample pressure 
Po = Saturation pressure 

C = Constant related to the enthalpy of adsorption 
A specified relative pressure range (usually O.OS to 0.2) is chosen and the 
isotherm data is used to calculate the BET function, which is plotted against 
relative pressure (P 5 /P 0 ). To give a straight line having a slope [(C-iyVuCJ 
and intercept {1/VmQ. 

The BET surface area in (m^/g) is then determined from the following 
expression: 


JBET 


M, 


(3.2) 


where Sbet is the BET surface area, Na is Avogadro number, the cross 
sectional area occupied by each adsorbate molecule, and My is the gram 
molecular volume (22414 ml). For nitrogen BET determination, the cross- 
sectional area of the adsorbate molecule is assumed to be 0.162 nm . 


3.4 Fourier Transform Infrared Spectroscopy (FT-IR) 

The broadband spectra like Raman and IR are presently becoming more 
popular as the useful tools to study the structural aspects of the material 
under study, which are sensitive to compositional variations. Infrared 
spectroscopy, in particular involves the absorption of electromagnetic 
radiations by matter, the existence of which is known since a long time with 
the discovery of Sir William Herschel in Today Infrared 

spectroscopy ranges approximately from 0. 78 fxm (1/1 = 1 2500cm ^) to 1000 
fim (1/1 = lOcm'^). However the most useful range is from 2 fj.m to 16 pim. 
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The absorption bands, which occur in this region, are due to the fundamental 
molecular vibrations. Consequently they lend themselves to identification, 
qualitative analysis and band alignment. 

It is well-accepted fact that the matter absorbs infrared radiations selectively 
with respect to the wavelength. The two necessary conditions, which must 
be met before the absorption of infrared radiations by the molecule can 
occur, are 

1) There must be a change in dipole moment of a molecule, and this will 
occur only when the electrical charges on the atoms are unequally 
distributed. Under these conditions, a stationary alternating electric 
field is produced whose magnitude changes with the frequency; and it 
is this electric field which interacts with the field of electromagnetic 
radiations. 

2) The molecular vibration frequency must be identical to that of 
incident electromagnetic radiation, failing which the radiations 
transmit through the molecule without any loss of energy. 

As a result, when infrared radiations of successive frequencies are passed 
through the molecule and the fraction of transmitted energy is plotted against 
the frequency or wavelength, the result is a series of minima and maxima, 
which is referred to as an infrared absorption spectrum. The absorption or 
transmission of this electromagnetic energy is dependent on the number of 
atoms, their mass, their way of stacking in the material and the force 
constant of interatomic bonds. The vibrations between various atoms within 
the molecule could be described as stretching vibrations, bending vibrations, 
involving groups of atoms within the molecule and the vibrations of the 
molecule as a whole. These vibrations can occur at various frequencies and 
are characteristics of groups of atoms within the molecule. Thus, absorption 
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peaks at various wavelengths are correlated with the molecule, using which, 
the structural studies can be carried out. The depth of the absorption bands is 
directly related to the number of molecules in the beam of radiation, and this 
feature is often used for qualitative measurements. 

The samples were prepared by grinding and then mixing thoroughly in an 
agate mortar. The Fourier Transform Infrared Spectroscopy (FT-IR) studies 
were carried out with a spectrometer model Vector-22 (Bruker) in the range 
400-4000cm’ . Measurements were made on an amorphous material 
dispersed in KBr in the ratio 1:30. 


3.5 Complex Impedance Analysis 

Impedance Spectroscopy is a relatively new and powerful method of 
characterizing many of the electrical properties of materials and their 
interfaces with electronically conducting electrodes^'^^^. It may be used to 
investigate the dynamics of bound or mobile charge in the bulk or interfacial 
regions of any kind of solid or liquid material: ionic, semiconducting, mixed 
electronic-ionic, and even insulators (dielectrics). The complex impedance 
data analysis can yield near-perfect estimates of bulk conductivity of the 
materials free from the electrode polarization effects, which are obtained 
from the steady state DC measurements. Impedance spectroscopy was first 
applied by Bauerle^^^^ to study the basic polarization process in the cell of 
yttria stabilized zirconia. Since dc measurements involve polarization 
effects, ac measurements are used to extract the dc conductivity. 

Impedance of a circuit is the ratio of voltage to the current as Ohm’s law 
holds well in the time domain. If the voltage function is given by 

V(t) = V,„ exp(jcDt) (3-3) 
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then the current function will be given by: 

I(t)=Lexp[j(cot+<P)] (3.4) 

The impedance of the circuit, Z(o)), has both magnitude \Z\, and phase angle 
(j) and can be expressed in both polar and cartesian form; 

Z(co) = \Z\exp(-j(l)) 

= \Z\ cos^ j\Z\ sin(f> 

= Z’-jZ” (3.5) 

where Z’ and Z” are real and imaginary parts of the complex impedance. 
Therefore the magnitude of complex impedance 


|Z|= 4z'^+Z"^ 

(3.6) 

the phase angle is given by 


(f> = tan‘(^) 

(3.7) 

Admittance, yz{co)~ ^ 

(3.8) 

Conductance, G = 

(3.9) 

Susceptance, B = ^r^„2 

(3.10) 


The different types of contributions coming from the leads, electrolyte and 
the electrodes can be modeled as a combination of resistors and capacitors. 
The plot of Z^ vs. Z/ plots for various representative circuits are described 

below. 
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3.5.1 Pure Resistor 


The real and imaginary parts of the complex impedance of a purely resistive 
circuit, with resistance R are given by 

Z’=R,Z”=0 (3.11) 

The impedance plot i.e., the plot of Z” vs. Z’ will be a point at Z’ =R 



Fig. 3.3: Impedance plot for a purely resistive circuit. 


3.5.2 Pure Capacitive Circuit 

For a purely capacitive circuit, the real and imaginary parts of complex 
impedance are given by 

Z’ = 0; Z”= -l/o)C (3.12) 

The corresponding impedance plot will be a straight line parallel to negative 
Z” axis at Z’=0. The impedance plot for a purely capacitive circuit is given 
in Fig. 3.4. 


42 



Series Combination of R and C 

When the components behaving like a series combination of R and C, one 
gets 


Z{<o)=R-J- 

coC 


(3.13) 



Fig. 3.4; Impedance plot for a purely capacitive circuit 
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Fig. 3.5: Impedance plot for a resistor and a capacitor in series 
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Z = -J- 
coC 


(3.14) 


with 


Zf = — — 
I coC 


(3.15) 


This essentially gives a straight line parallel to the negative imaginary axis at 
Z’ = R, as shown in Fig. 3.5 


3.5.4 Parallel Combination of R and C 

If the system of various components can be modeled as a parallel 
combination of R and C, then we get 


R\ 


Z{co): 


{jcoco 


R + 


1 


R 


1 + co^C^R^ 


+ J[ 


■coCR' 


1 + co^C^R^ 


] 


(3.16) 


(3.17) 


Thus the real and imaginary parts of the complex impedance are 

R 


Z' = 


I + q)^C^R^ 


Z" = - 


coCR 


1 + co^C^R^ 


(3.18a) 


(3.18b) 


Eliminating m from these two equations, Eq. (3.18a) and (3.18b), and 
rearranging, it follows that 

(3.19) 

(3.20) 


2'2^Z"^=rZ' 


or 


(Z'-l)2+Z"^=(^)^ 
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This is the equation of a circle with radius R/2 with its center at 
(Z' = Rf2,Z" = 0). The coordinates at the top of the arc will be ( R/ 2, R/2 ) . 
Since Z' = Z" = R/2 at frequency (o ^ , Equations (2. 1 8) can be rearranged 
to give 

CO RC = 1 (3.21) 

0 

thus, the impedance response of the resistor in parallel with a capacitor 
will be a perfect semicircle intersecting the real axis at R and 0. The 
relaxation time, Tq = 2nRC, for the circuit is given by the inverse of the 

frequency at the top of semicircle, co^ . Therefore the diameter of the 

circle is the dc resistance of the sample. The impedance plot when they 
are connected in parallel is shown in Fig. 3.6(a). 



Fig. 3.6(a); Impedance plot for a resistor and a capacitor in parallel 

When blocking electrodes are used, an electrode/electrolyte interface 
capacitance comes into play. This is attributed to the roughness of the 
electrode-electrolyte interface, the slope of the line decreasing with 
increasing roughness and a 90^ angle of inclination is obtained only for 
perfectly flat surfaces as shown in Fig. 3.6(b). This type of frequency 
response can be represented by a constant phase element (CPE) which 
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has an impedance Z — A(j 27 ^ ", where n has a value between 0 and 1 and 
^ is a constant. 



Fig. 3.6(b): Effect of interface capacitance C, on impedance of electrolyte 

In polyciystalline materials, there may be a contribution to the impedance 
due to the presence of grain boundaries. The grain boundaries may act as 
a hindrance to the ion transport, but they might also provide a high 
conductivity path since the defect density may be larger in the interface 
region. In the first case one can, in some cases detect a second semicircle 
in the impedance plot representing grain boundaries’-'^’'^^l The bulk 
resistance in such a case is obtained from the intersection of the high 
frequency impedance semicircle [Fig. 3.6(c)] with the real axis. If we 
have an increased conductivity at the grain boundaries it will give an 
apparent bulk resistance that is lower than the real bulk effect. A study of 
the conductivity dependence on grain size may help identify the 
conductivity mechanism if single crystals are not available. Another 
common impedance behavior is one in 
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Fig. 3.6(c): Effect of grain boundaries on the impedance of electrolyte 



Fig. 3.6(d): Depression of semicircle due to multiple polarizations 
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which the high frequency semicircle portion of the plot is depressed so 
that the center of the circle is situated below the real axis [Fig. 3.6(d)]. It 
has been shown that in this case a CPE connected in parallel with the 
bulk resistance will result in such a depressed semicircle^'^^’'^^l 

3.6 Impedance Measurement Methodology 

The impedance measurements for all compositions were carried out using 
HP4192A impedance analyzer. The sample made in the form of pellet is 
loaded in the furnace using a specially designed sample holder. Now spot 
frequency (/) was swept from 1 kHz to 13 MHz for a fixed temperature 
and values of Z,^have been noted down. Impedance plots (Z” vs. Z’) 
have been drawn using the Microcal Origin 6.0 software to ensure that 
proper points are available. The DC resistance {Rd^ have been calculated 
wherever circular plots are available. The diameter of the semicircle has 
been considered as Rdc- Using this Rdc one can calculate the DC 
conductivity (cr^c) using the equation below: 

(3-22) 

Rj A 
dc 

Wherever impedance plots are not coming in circular fashion, ^0 

kHz has been used as Rdc- This can be explaining further as follows: 

The conductivity can be given as, 

* I 

O X 

Z A 
I 

~ (Z' + Z")A 


(3.23) 

(3.24) 
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(3.25) 


= — = j—(Z'- jZ") 

(Z'2+z"^)A 

Therefore the real part of the conductivity (aj^or can be given as 


0- r = — 

(Z'2+Z"^)A 

(3.26) 

- ^ Z' 

(Z^)A 

(3.27) 

= — i^Zcosd 

Z^A 

(3.28) 

_ IcosO 

ZA 

(3.29) 

1 

/cos6 

(3.30) 


Therefore can be used in place of R^c. 

Figure 3.7 portraits impedance plots for KCl + 20m/o KI at four different 
temperatures for a range of frequencies from IkHz to 13 MHz. The 
impedance plot consists of |ZCo50| along x-axis and the \ZSind\ along y- 

axis. The diameter of each plot gives the DC resistance of the sample 
under study. From this the DC conductivity can be calculated using Eq. 
(3.22). It can also be seen that the semicircles are depressed and the 
center does not lie on the real axis. Further as temperature increases, the 
diameter of the semicircle decreases. 
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3.7 Materials Processing 

The starting materials were KCl and KI. These two alkali halides are 
highly hygroscopic (which can be concluded from FT-IR results 
discussed in Chapter 4). The physical properties of the materials used are 
given in Table 3.2. 


Table 3.2 The Physical Properties of the Starting Materials 


Material 

KCl 

KI 

Source 

Aldrich Chemical 

Comp., USA 

Ranbaxy, India 

Purity 

99+% 

99.8% 

Molecular Weight 

74.56 

166.01 

Density (gm/cc) 

1.984 

3.13 

Melting point (K) 

1043 

954 

Boiling Point (K) 

1773 

1603 


3.8 Sample Preparation 

All the samples have been prepared by melting the stoichiometric 
mixtures inside a furnace. The starting materials KCl and KI before use 
were dried in an oven at around 100 C to prevent the samples from 
absorbing moisture as both the constituting materials are highly 
hygroscopic. The mixed crystals of different compositions were prepared 
by weighing appropriate amount of materials in an electronic balance. 
The transfer of material from oven to the electronic balance was done 
using a moist-proof desiccator. The starting powders were always carried 
inside the desiccator whenever needed 

141Si<5 


3Tfrf^ ^0 A 
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moisture absorption as much as possible. After weighing, the powders 
were again kept inside the oven. The mixed powders were then 
transferred to pre-heated quartz tubes very carefully to avoid loss of 
powder during transfer. These quartz tubes were placed on a specially 
grooved ceramic block having 5 grooves for placing the quartz tubes in 
order to prevent accidental toppling of the tubes as the internal surface of 
the furnace is cylindrical in shape. The ceramic block along with the 
quartz tubes was immediately shifted to a furnace pre-heated to 200^C. 
The temperature of the furnace was raised above the melting point of 
either starting materials (in this case melting point of pure KCl is 770^C, 
and the temperature was kept well above 770^C, nearly 850^0). After 
allowing the melt to remain at this temperature for a few hours (4-5 hrs) 
for complete homogenization of the two component powders, the furnace 
was switched off. The melt, in this way, was allowed to cool slowly 
inside the furnace. Some samples were also quenched. In this case the 
melt was directly taken outside the furnace and kept in air for cooling. So 
“furnace-cooled” and “air-cooled” samples were prepared in this way. 
The re-solidified material was then removed from the quartz tubes 
carefully and transferred to a pre-heated mortar for grinding in order to 
get homogenized powder. A high carbon steel die was also pre-heated 
and a small amount of the melted powder was poured into it. The steel 
die had 11mm internal diameter. The die was then placed over a 
hydrostatic press. A force of 4 tons was applied on each sample. The 
resulting pellets were placed in aluminum crucibles, which are then 
loaded in a furnace for sintering. All samples were sintered for 10-12 
hours in an automated furnace. The rate of heating and cooling was kept 
at 1.5^ C/minute. The sintered samples were then coated with graphite 
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paint, which will act as the electrodes for the conductivity experiments. 
The resistance of the flat surfaces of the pellets after coating with 
graphite paint was kept at nearly 50f2. The samples were kept for drying 
in an oven at 100 C. The pellet was loaded in the sample holder that was 
equipped with chromel alumel thermocouple to measure the temperature 
of the sample. The impedance measurements were carried out using HP 
4 192 A impedance analyzer. 


Table 3.3 Sintering temperature, sintering time and thickness of 
different samples prepared (Pelletization pressure 4.0 tons/cm^). 


Composition 

Sintering 

Time 

Thickness of the 


temperature (^C) 

(Jirs) 

pellet (cm) 

KCl 

530 

10 

0.383 

KCl + 5m/o KI 

490 

10 

0.513 

KCl + 70m/oKI 

490 

10 

0.275 

KCl + 15m/o KI 

490 

10 

0.461 

KCl + 20m/o KI 

490 

10 

0.329 

KCl + 25m/oKI 

490 

10 

0.332 

KCl + 30m/o KI 

490 

10 

0.321 

KCl + 40m/o KI 

490 

10 

0.338 

KCl + 5^?m/oKI 

490 

10 

0.373 

KCl + dOm/oKI 

490 

10 

0.303 

KCl + 70m/o KI 

490 

10 

0.305 

KCl + 5t?m/oKI 

490 

10 

0.212 

KCl + Pt?m/oKI 

490 

10 

0.385 

KI 

490 

10 

0.345 
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Chapter 4 


Results & Discussion 


This chapter deals with the experimental results, mainly the electrical 
conductivity of KCl-KI mixed crystals as function of temperature and 
composition. Besides XRD analysis has also been carried out to obtain the 
structural information for different mixed crystals. BET measurements have 
been included for analyzing the surface area, which help understand the 
quality of interfacial contact. Efforts were made to find out the chemical 
compositions of all the mixed crystals by FT-IR analysis though it did not 
produce any conclusive results because of the inherent difficulties with 
halides as they are not so much IR sensitive. 

As pointed out earlier, the aim was primarily to examine the effect of 
“wrong-size” substitutions on the electrical conductivity and also to test the 
“Lattice Loosening” (LL) model. The percolation model and the CBiQ model 
have also been discussed for completeness of this work. Fourteen different 
compositions of KCl-KI mixed crystals [denoted by KCli-xL where x = 0, 
0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0] were prepared 
by melting and re-solidification in air. The XRD results are presented first 
followed by the BET and the FT-IR results. The conductivity data obtained 
from the Complex Impedance Analysis (CIA) have been discussed 
thereafter. The results have been analyzed in the light of existing available 
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models (i.e., LL model along with the percolation and CBQ model) in the 
discussion section. The chapter finishes with a brief conclusion. 

4.1 X-ray Diffraction 

The XRD patterns of all the compositions have been shown in Fig. 4.1(a) on 
a single graph. Figs. 4.1(b) to 4.1(e) show XRD patterns for individual 
compositions separately. Table 4.1 summarizes the lattice constants of 
different compositions. The lattice constants have been obtained from XRD 
analysis and the calculations have been performed considering all the peaks 
corresponding to KI and KCl separately and then averaging the values for 
each case. 

From Figs. 4.1(a) to Fig. 4.1(e), it is quite obvious that the compositions KCl 
+ xKI {x <0.7) show peaks corresponding to both KCl and KI with slight 
variations in the intensities. However, for the compositions containing more 
than 70 m/o KI, the KCl peaks have disappeared. This suggests that at room 
temperature, KCl containing more than 70 m/o KI constitutes solid solution 
which is consistent with the available phase diagram^ ^ of KCl-KI system 
(Fig. 4.2). The demixing curve has been shown in the phase diagram, which 
separates the two-phase region {a + fi) from the solid solution (SS) region. 
Therefore it can be concluded that a maximum 30 m/o KCl goes into solid 
solution with KI. The phase diagram also depicts that at lower 
concentrations of KI (x <0.08) there is a possibility of formation of solid 
solution. But our XRD results do not support this fact as both the peaks of 
KCl and KI are present in the system containing less than 8 m/o KI. 
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Fig. 4.1(a): XRD plots for various compositions. 
Here KCI + xKI (0 < x < 1.0) has been denoted as 
only xKI. 'Q' stands for quenched samples. 


56 



Intensity in arb. units g-. Intensity in arb. units 


Kl 





1 I I I I I I I I I I I I I I I 

20 30 40 50 60 70 80 90 

26 in degrees 
Fig.4.1(b) 



J 





0.3KI 


KCI 


( ■ I ■ I ' I ■ I ■ I ■ I ' I ■ I 
10 20 30 40 50 60 70 80 90 

20 in degrees 
Fig. 4.1(c) 


57 




10 20 30 40 50 60 70 80 90 


20 in degrees 
Fig 4.1(d) 





8KiQ 


> 



10 20 30 40 50 60 70 80 90 


20 in degrees 
Fig. 4.1(e) 


Fig. 4.1(b)-(e): Different XRD patterns for various compositions of KCl-KI 
system. Here ‘Q’ stands for quenched samples. 
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This discrepancy can be attributed to the fact that the XRD measurements 
have been carried out at room temperature whereas the available phase 
diagram shows informations only above 400PC. The phase diagram is too 
old (1912) and there may be variations in the concentration of impurities 
already present in the original sample. Moreover additional peaks may 
appear because of the hydrate formation as the constituting powders are very 
hygroscopic which has been confirmed from the FT-IR studies for the 
presence of the OH" group. At lower concentrations some peaks may 
disappear also because of less amount of dopant present. 

One interesting finding is that in quenched KCl + 70 m/o KI sample the KCl 
peaks have disappeared [Fig. 4.1(d)] whereas in the case of fiimace cooled 
sample of the same composition, the KCl peaks are present. The observation 
in the case of KCl + 20 m/o KI is different. Here the quenched sample [Fig. 
4.1(b)] does not form solid solution as peaks corresponding to both KCl and 
KI are present. This supports the general fact that a larger ion (T in this case) 
is more accommodating than a smaller ion owing to its high polarizability. 
Therefore the XRD analysis suggests a limited solid solubility of KI in KCl 
and vice versa at room temperature. 

It is also evident from the XRD results that there is a shift in the position of 
the peaks corresponding to pure KCl towards lower 29 values. This suggests 
that the lattice parameter has increased according to the Bragg’s law. From 
Table 4. 1 it can be seen that the lattice constant of KCl increases slightly due 
to the substitution of larger T ions. For example the lattice constant of KCl + 
xKI is - 6.2 A fox X < 0.1 which increases to d.i ^ for x > The slight 
increase in lattice constant of KCl may be due to solubility of larger I ions 
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Temperature {°C) 







[rci- — 1.81 A, ri. — 2.20 A], which tends to expand the lattice and creates 
strain in the host lattice. This is expected to increase the concentration of 
vacancies, according to LL model. The error in measurement of lattice 
constant in Table 4.1 for pure KCl and pure KI is ~ 7% and ~ 0.2% 
respectively. However, the lattice constant of KI does not exhibit any trend 
and thus it is difficult to draw any conclusion about the solubility of KCl in 
KI. 

Table 4.1 Lattice constant for different compositions of KCl-KI system 


Composition x 

(KCl + xKI) 

Lattice Constant (A) 

KI 

KCl 

0 

- 

6.2 

0.1 

7.04 

6.2 

0.2 

7.04 

6.3 

0.3 

7.05 

6.3 

0.4 

7.10 

6.3 

0.5 

7.10 

6.3 

0.6 

7.12 

6.3 

0.7 

7.08 

6.3 

0.8 

7.09 

6.3 

0.9 

7.12 

- 

1.0 

7.08 

- 


The crystallite size was also calculated using the available XRD data. The 
FWHM (full width at half maximum) at appropriate 20 value was accurately 
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calculated using PeakFit (V. 4.0) software. The standard sample used was 
silicon. Crystallite size was calculated using Debye-Scherrer formula 


0.9X 

t= 

Bcosd 


(4.1) 


where X is the wavelength of the x-ray (CuKa) used which is equal to 
1.5 405 A, B is the full width at half maximum (FWHM) after correction from 
standard sample and 6 is the angle corresponding to the peak position. B is 
given by: 

B = (4-2) 


where is the FWHM of the sample whose crystallite size is to be 
analyzed and Bs is the FWHM of the standard sample (in this case silicon). 
Each of them are in radians. Table 4.2 gives the crystallite size for different 
compositions. 

Table 4.2 Crystallite size for different compositions. 


Sample 

Particle Size t (nm) 

KCl 

38 

KCl + /0m/oKI 

47 

KCl + 26>m/oKl' 

58 

KCl + 50 in/o KI 

44 

KCl + m/o KI 

62 

KCl + (50 m/o KI 

54 
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Sample 

Particle Size t (nm) 

KCl + 70 m/oKl 

53 

KCl + 70 m/o KI* 

41 

KCl + m/o KI 

64 

KCl + 80 m/o KI’ 

53 

KCl + 90 m/o Kf\ 

54 

KI 

70 


quenched samples 


4.2 BET Measurements 

The samples for BET measurements were prepared by thorough grinding of 
the re-solidified chunk obtained from the melt. The sm-face area was 
analyzed by the Coulter SA3100 analyzer, which is based on gas sorption 
method. The gas used for this purpose was nitrogen. The various parameters 
involved in BET measurements are listed below in Table 4.3. 


Table 4.3 Various quantities involved in BET measurements. 


Composition 

Sample 

Elapsed 

Outgas 

Outgas 

X 

Weight 

Time 

Time 

Temperature 

(KCl + xKI) 

(gm) 

{min.) 

{min.) 

(^Q 

0.1 

0.4315 

jp 

30 

120 

0.2 

0.3994 

20 

30 

120 

0.7 

0.3184 

21 

30 

120 

0.8 

0.5651 

20 

30 

120 
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The specific surface areas from BET measurements for these samples are 
shown in Table 4.4. 


Table 4.4 Specific surface areas of different samples. 


Composition x 

(KCl + xKI) 

Specific surface Area 
(m^/gm) 

Correlation Constant 

0.1 

0.385 

0.744474 

0.2 

0.447 

0.84779 

0.7 

0.571 

0.63374 

0.8 

0.653 

-0.01310 


The low value of specific surface area in all these cases indicate the surface 
contact between the electrolyte and the electrode will be poor which will 
affect the ionic conductivity results. Moreover higher specific surface area 
means smaller grain sizes, thus conductivity will increase as smaller grains 
have more number of grain boundaries and defects, as is expected for KCl + 
80 mio KI (see Section 4.4.2). 

4.3 Fourier Transform Infrared Spectroscopy (FT-IR) 

The samples were prepared by usual melting, cooling and then grinding in 
an agate mortar. The FT-IR studies were carried out with a spectrometer 
model Vector-22 (Bruker) in the range 400-4000 cm \ Measurements were 
made on amorphous material dispersed in KBr in the ratio 1:30. The FT-IR 
spectra of some samples have been shown in Fig.4.3. All the FT IR plots 
show clearly that a considerable amount of OH' is present m every sample 


64 




as there is a peak near 3440 cm \ Some more peaks may correspond to the 
various impurities already present in the samples especially in Kd. Table 4.5 
lists some of the impurity groups normally present in KI and their 
corresponding wave numbers. 

Table 4.5 Some impurity groups present in KI and their wave numbers. 


Impurity Group 

Wave Number (cm‘) 

lOs' 

730-785 

COs'" 

1410-1450 

P04'' 

1000-1100 

S04'" 

1080-1130 


4.4 Complex Impedance Analysis 
4.4.1 Conductivity vs. Temperature 

Complex Impedance Analysis (CIA) was used to obtain the DC conductivity 
of each composition at various temperatures. The variation of real and 
imaginary parts of complex impedance as a function of frequency has been 
used to calculate the DC resistance. Fig. 4.4 shows the variation of real and 
imaginary parts of complex impedance as a function of frequency at four 
different temperatures for KCl + 80 m/o KI. Similar plots were obtained in 
case of all samples and at different temperatures. It is evident from Fig. 4.4 
that proper semi-circles are obtained within the limits of experimental error. 
This suggests that the sample/electrode assembly behaves like a parallel 
combination of resistor and a capacitor. The DC resistance, in this case, is 
thus given by the diameter of the semi-circle. 
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The DC conductivities obtained as described above have been plotted 
against inverse absolute temperature for all the fourteen samples. Figs. 4.5 
[a-j] show some of the typical logo^c vs. 1/T plots. These results are for 
samples prepared by melting and then cooling them inside the furnace. Some 
samples have been prepared by cooling them in air or quenching. Fig. 4.6 
shows the DC conductivity vs. 1/T plot for KCl + 26 m/o KI samples in 
which one sample has been cooled in air. The ionic transport parameters like 
knee temperature, extrinsic activation energy and intrinsic activation energy 
for all the studied compositions are summarized in Table 4.6. 



|Zcos0| 




Fig. 4.4: Complex impedance plots for KCl + 80 m/o KI at four different 

temperatures. 
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Table 4.6 Various transport parameters of KCli.Jx system. 


Composition 

Knee Temperature 

Activation Energy 

(eV) 

Extrinsic 

Intrinsic 

KCl 

604 

1.16 

2.33 

KCl + 5 m/o KI 

511 

0.63 

1.26 

KCl + 70m/oKI 

430 

0.54 

1.34 

KCH-/5m/oKI 

390 

0.73 

1.32 

KCl + 2t?m/oKI 

361 

0.68 

1.72 

KCl + 25 m/o KI 

465 

1.08 

1.28 

KCl + 30 m/o KI 

379 

0.96 

1.59 

KCl + ^Om/oKI 

378 

0.59 

0.93 

KCl + 50m/oKI 

395 

0.68 

1.31 

KCl + 50m/oKI 

416 

0.69 

1.26 

KCl + 70m/oKI 

368 

0.71 

1.08 

KCl + 80 m/o KI 

368 

0.62 

1.34 

KCl + POm/oKI 

375 

0.51 

0.80 

kF^ 

465 

1.53 

1.89 




(, mo. u) ’’’oBoi 


2.0 



1000/T (K') 

Fig. 4.5(a): Variation of DC conductivity with inverse 
temperature for different compositions of KCi-KI system. 
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Fig. 4.5(b) 



0.9 1.0 1.1 1.2 1.3 

1000/T(K'') 

Fig. 4.5(c) 
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looon- (K"') 

Fig. 4.5(h) 


1000/T(K'’) 
Fig. 4.5(i) 



1000/7 (K"’) 
Fig. 4.50) 


Fig. 4.5(b-j); Conductivity vs. inverse temperature for KCl + x m/o KI 
(0 <x< 100) system. 






Furnace Cooled 
-o- Air Cooled 





All the plots in Figs. 4.5[a-j] and in Fig. 4.6 show that the logarithm of 
conductivity varies linearly with inverse of temperature maintaining two 
distinct slopes in the (low temperature) extrinsic region and the (high 
temperature) intrinsic region, separated by a knee point Tm. The activation 

energies in the two temperature regimes have been calculated for all the 
samples. 

In Fig. 4.6 the logarithm of conductivity has been plotted with inverse of 
temperature for KCl + 20 m/o IQ prepared in two different ways. Here one 
sample has been prepared by quenching and the other by furnace cooling. It 
is quite obvious that the nature of both the plots is similar and they nearly 
follow each other from extrinsic to intrinsic region. Normally the quenched 
samples are supposed to show a higher conductivity due to the creation of 
larger number of vacancies. But in the present case there is no considerable 
enhancement in conductivity. This may be due to the fact that the vacancies 
so formed at high temperature may get annihilated during cooling. 

4.4.2 Conductivity vs. Composition 

Figure 4.7 shows the DC conductivity obtained from complex impedance 
analysis as a function of composition at three different temperatures viz. at 
355, 400 and at 430^C. These three temperatures have been so chosen that 
they can show the variation from extrinsic as well as from the intrinsic 
region as our primary aim is to investigate the enhancement in conductivity 
due to the substitution of homovalent dopants. It is observed that as the 
concentration of KI in KCl increases, the ionic conductivity of the system 
also increases initially, goes through a maximum near to the composition of 
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X » 0.20 KI in the two phase region {0.10 <x< 0. 70), then decreases slowly, 
attains a local minima at around 0.40 KI and then virtually remains constant 
for temperatures 355 and ^OO^C before again passing through a maximum at 
the composition of « 0.50 KI in the solid solution region. Fig. 4.8 shows the 
enhancement in conductivity at three different temperatures for all the 
compositions. It is evident from these two plots that the enhancement in 
conductivity is more prominent at higher temperatures. In the solid solution 
region, i.e., for 0.7 > x > 0.7, the conductivity at 430^ C passes through a 
maximum between two minima at x = 0.7 and x = 7.0. Therefore it is 
observed that the conductivity has two local maxima (one in two phase 
region and the other in solid solution region) and between these two maxima 
the conductivity does not vary significantly. It is interesting to note that as 
soon as the solid solution domain is reached the conductivity starts shooting 
up and reaches a maximum and then decreases subsequently. Table 4.7 
summarizes the magnitude of conductivity and the enhancement in 
conductivity for three compositions at three different temperatures obtained 
from Fig. 4.7 and Fig. 4.8. 

4.4.3 Activation Energy & Knee Temperature vs. Composition 

The variation of activation energy {hm and and the knee temperature (TV) 
as a function of composition are shown in Figs. 4.9, 4.10 and 4.11 
respectively. In all these plots the logarithm of conductivity {logCd^ has also 
been included on the other ordinate for correlation. It is easily confirmed that 
while the conductivity increases due to the substitution of homovalent 
dopants the activation energies corresponding to extrinsic and intrinsic 
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Composition x Kl 

Fig. 4.7: Variation of DC conductivity with composition 
at three different temperatures for KCl + xKI (0<x<1). 
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Composition x 
Fig 4.8: Relative conductivity as a function of 
composition at three different temperatures. 




Table 4.7 Magnitude of conductivity and enhancement factor for three 
compositions at three different temperatures of KCl-KI system. 


Composition x 

(KCl + xKI) 

Temperature 

T^C) 

oi at I^C 
(xW^ n’ cm’) 

(jJcjodXT^C 


355 

2.6 

294 

0.2 

400 

20.0 

430 


430 

74.1 

634 


355 

1.9 

241 

0.8 

400 

7.0 

169 


430 

76.0 

624 


355 

2.3 

235 

0.9 

400 

4.8 

127 


430 

8.9 

233 
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Fig. 4.10: Conductivity and activation energy E^of intrinsic 
region plotted on the same graph against composition. 
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(i.e. h,n and £„) decrease along with the knee temperature T^. As expected 
the h,n vs. X, Ea vs. X and vs. x plots exhibit two minima at around the 
same compositions KCl + xKI (x « 0.20 in the two phase and x « 0.80 in the 
solid solution region) at which the logo^c vs. x plot exhibits mayim?i These 
results are qualitatively in agreement with the Lattice Loosening model^'^l 

4.5 Discussion 

All the above experimentally observed features can be explained using 
Lattice Loosening (LL) model'-'^^ in the solid solution region and the 
percolation^'^^^ model in the two-phase region. 

Lattice Loosening model predicts an increase in the conductivity in the solid 
solution region for a homovalently-doped salt due to strains produced in the 
lattice because of mismatch in the sizes of the host and the dopant ions. It 
states that the increase in conductivity varies exponentially with decrease in 
the melting point of the salt upon doping. According to the lattice loosening 
model, the relative conductivity varies exponentially with inverse absolute 
temperature [Eq. (2.50)]. 

Figures 4.12 to 4.14 show the experimental and calculated [using Eq. (2.50)] 
relative conductivities {cTx/oo} vs. composition at three different temperatures 
(355, 400 and 430^ C) for KCl-KI system. 
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0.0 0.2 0.4 0.6 0.8 1.0 

KCI Composition x 


Fig 4.12: Comparison of Lattice Loosening model with 
the data obtained from experiment. 
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iog(CTfo„) 



0.0 0.2 0.4 0.6 0.8 1.0 

KCI Composition x 

Fig 4.13: Comparison of Lattice Loosening model with 
the data obtained from experiment. 
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0.0 0.2 0.4 0.6 0.8 1.0 

KCI Composition x Kl 

Fig 4.14: Comparison of Lattice Loosening model with 
the data obtained from experiment. 
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The conductivity studies which extend down to SOO^C in a normal 
Arrhenius manner [Figs. 4.5(a-j)] suggest that the KCl-KI system may form 
a complete solid solution, at least above 30(PC. But this fact is in 
contradiction with the available phase diagram^"^^^ [Fig. 4.2] where the two 
phase - solid solution boundary has been shown using dotted demixing 
curve. The phase diagram is too old (1912) and this has to be re-investigated 
using DTA technique to confirm the phase diagram. From the available 
phase diagram it can be seen that for compositions 9.7 < x < 0.7 the two 
phase mixture always exists below 500^ C. The conductivity measurements 
in the present case have been carried out up to 550-580^C i.e., all our 
measurements are in the two-phase region for compositions KCl + xKI (9.7 
<x <9. 7). Beyond 79 m/o KI all compositions are in solid solution region. 
The measurements could not be taken beyond 559-5(S9^C because of several 
experimental difficulties like poor graphite contact etc. 

If we assume that above 30(fC there is complete solid solubility over the 
entire composition range, then the LL model predicts results which are in 
reasonably good agreement with the experimental observations near the 
compositions where the conductivity passes through maxima. Table 4.8 
shows close agreement between the calculated value of the relative 
conductivity using the LL model [Eq. (2.50)] and the data obtained from 
experiment at three different temperatures [Fig. 4.8] near to maximum 
conductivity compositions. 

From the nature of Eq. (2.50) it is quite evident that the maximum 
enhancement in conductivity would occur where the solidus curve in the 
phase diagram passes through minimum. From the available phase diagram 
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[Fig. 4.2] it can be seen that the solidus curve has maximum at x = 0 5 KI 
composition. Therefore the conductivity isotherm should have maximum 
value at that composition according to the LL model. But in the present case 
the LL model is in close agreement at compositions close to the end 
members i.e., for the range of compositions x <0.5 KI and x > 0.5 KI which 
can be easily inferred from Figs. 4.12-4.14 by observing the nature of the 
curve. 'Fhe conductivity isotherms [Fig. 4.7] and the relative conductivity 
plots (Figs. 4.12-4.14] show two maxima near the compositions stated 
above. Further in the range 0.30 <x <0.80, the conductivity virtually 

Table 4.8 Agreement of LL model with the experimental values 
obtained for KCl-KI system. 


Composition x 

(KCl + xKl) 

Experimental cr/oo at T fC) 

Calculated aJcFo from 

LL model at 

355 

400 

430 

555 

400 

430 

0.5 

184 

187 

251 

185 

131 

106 

0.5 

240 

195 






remains constant except at higher temperatures as in the case of Fig. 4.14, 
the curve slowly goes upward at x = 0.5 KI and then falls back again to pass 
through a maximum at x = 0.8 KI. The inconsistency between the 
conductivity isotherm and the phase diagram or the LL model in the 
composition range x = 0.5 - 0.5 KI, may be due to the poor correlation 
between Hs and and between h and Tm [Eqs. (2.36) & (2.43)]. Moreover 
in the above range we have assumed the composition to be in the solid 
solution region which is in contradiction with the available phase diagram 
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[Fig. 4.2]. Various approximations have been used to derive Equation (2.50) 
which can be attributed to the anomaly in the composition range 0.3 <x< 
0.8. 

Our estimated solidus curve on the basis of the data extracted from the 
conductivity measurements is compared with the one from phase diagram in 
Fig 4.15. The conductivity isotheim at 430° C has also been plotted on the 
same graph to show the correlation. The estimated solidus curve has been 
plotted by assuming that melting of the sample begins when the conductivity 
value reaches a magnitude of 10'^ Q^cm^. So the estimated melting 
temperatures have been obtained by simply reading off the temperature 
corresponding to logcr^c = -8 from each Arrhenius plot. Though this is a very 
crude approximation and the estimated solidus curve does not follow the 
solidus curve of the phase diagram at each composition, the conductivity 
behavior (and the activation energy and the knee temperature) can be well 
explained by this estimated solidus curve. It is quite evident from Fig. 4.15 
that the two maxima in the logo^c vs. x plot correspond to same 
compositions where the estimated solidus curve shows minima. This 
phenomenon is qualitatively at par with the LL model. 

The temperature at which the system attains a certain fixed value of 
conductivity (a) is shown as a function of composition in Fig. 4.16. The T^i 
and Ta 2 curves corresponding to Ci =10^ Q^cm ^ and 02 = 3x10 C2 cm 
respectively are constructed from the data shown in Fig. 4.5 [a-j]. The solidus 
curve Tmx of the phase diagram and the estimated solidus curve Tm from 
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Temperature f C) 


0.0 0.2 0.4 0.6 0.8 1.0 



KCI Composition x 

Fig 4.15: Estimated melting temperature obtained from 
conductivity data. The solidus curve from available 
phase diagram has also been shown with the 

conductivity isotherm at 430°C. 
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loga^^ (Q’^cm'^) 




Temperature (°C) 



0.0 0.2 0.4 0.6 0.8 1.0 

KCI Composition x Kl 


Fig 4.16: Isoconductivity plots for KCI - Kl system. 

The solidus curve T obtained from literature^'^®^ 

mx 

and the estimated melting curve from conductivity 
data can also be seen with one conductivity isotherm. 


90 


loga^ (n’cm’) 




conductivity data along with the conductivity isotherm at 430^ C have been 
shown on the same graph for better correlation. The resemblance between 
the Ta vs. X, Tmx vs. x (i.e., occurrence of a minimum between two maxima) 
and Tm vs. x along with the results shown in Figs. 4.9, 4.10 and 4.1 1 provide 
support to the LL model. The discrepancy becomes less if the estimated 
solidus curve is considered for correlation (Fig. 4.16). 

According to the CBQ model (see Sec. 2.3. 2.2) the composition 
corresponding to the maximum conductivity is given by [Eq. (2.52)] 



Substituting X = 0.4163 and K/Kq = 2.282 for KCl-KI system [these values 
were calculated by Smith and Cain^^^^ and Roberts and Smith’-^'^^] in the 
above equation we get, 

Xm = 0.29 

Thus, according to the CBQ model, KCl containing x = 0.2P KI should 
exhibit the maximum conductivity which is not too far from the value x « 
0.20 KI inferred from the experiments [Fig. 4.7]. 

Alternately, if we consider the KCl as the dopant in KI for which K/Kq = 
2.305, we get x^ = 0.32. Therefore KI containing « 0.32 KCl should have 
the maximum [or KCl containing 0.68 KI] conductivity which is in good 
agreement with the observed value (x « 0.80 KI). 
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The variation of activation energy as a function of composition and the 
conductivity isotherms in the composition range 0.1 <x<0.7 i.e., in the two 
phase region can be explained using the percolation model^'^^l The 
percolation model states that in a two-phase system, there exists a mim’mnm 
concentration of the dopant, the percolation threshold, until which there is no 
enhancement in the conductivity of the system. The percolation threshold 
corresponds to the minimum concentration at which there is a continuum of 
charged double layer formed. The percolation threshold should obviously 
depend on the grain size, which depends on the heating/cooling rate. From 
the conductivity isotherms (Fig. 4.7) the percolation threshold for KI 
dispersed in KCl is achieved for a composition between 20 and 25 m/o KI. 
The heating rate employed was 0.5^C/min for all the samples. Fmther 
studies with samples prepared under controlled cooling rate will be required 
to determine percolation threshold precisely. The minimum in the activation 
energy vs. composition plots (Figs. 4.9 & 4.10) and the maximum in the 
conductivity isotherms in these plots that are observed at x « KI in the 
two phase region can be attributed to the formation of a continuous charged 
double layer beyond the percolation threshold. 

The enhancement in the conductivity in the two-phase region is due to the 
formation of a double layer, rich in defects, at the grain boundaries where 
two dissimilar phases come into contact with each other^"^^^. The conductivity 
of the double layer at the interfaces is supposedly greater than that of either 
of the phases present in the system. At very low concentrations of the second 
phase particles, the conductivity of the system does not change in spite of 
the formation of the double layer, because of the lack of continuous channels 
for migration of the defects. As mentioned earlier, the critical concentration 
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required for the formation of a continuous double layer is the percolation 
threshold. As the concentration of second phase increases beyond the 
threshold, the second phase particles might not contribute to the formation of 
additional interfacial region, but might increase the thickness of the second 
phase around the double layer. Since the second phase has a lower defect 
concentration than the double layer, the conductivity of the system 
decreases. The local minimum near to x « 0.40 KI in the conductivity 
isotherm may be due to the increase in the thickness of phase (KCl solid 
solution with KI) around the double layer. 

Table 4.9 shows the mismatch factor S and the maximum enhancement in 
conductivity at 40(PC for various homovalent systems. A comparative idea 
can be had from this Table and it can be ascertained that the results obtained 
for the present case are quite comparable and reasonable within the 
experimental error. 

4.6 Summary & Conclusion 

Fourteen samples of KCf-xh {0 <x < 1.0) have been prepared by normal 
melting the constituent powders and then allowing it to cool inside the 
furnace. Some samples have been quenched for investigating any change in 
the ionic conductivity. Different techniques were used to characterize the 
samples which include XRD, BET, FT-IR and complex impedance analysis. 
The XRD patterns of KCl-KI system showed that at least SO m/o KCl goes 
into solid solution with KI, which is supported by the available phase 
diagram. The phase diagram also suggests that KCl-KI system does not form 


93 



complete solid solution below certain temperatures for all the compositions. 
Instead there is always a presence of complete or partial solid solution. 
Therefore both types of compositions are always present in the temperature 
range of our measurement of conductivity (i.e., 300Pc - 525^C) one being 
the two phase region up to x = 0. 7 KI and the other a complete solid solution 
region beyond that. 

Table 4.9 Conductivity enhancement and mismatch factor for similar 
systems employing homovalent substitution. 


System 

ax/cTo at Xm at 400° C 

Xm 

S=(J-ri/r^ 

KBr-KI^^J 

63 

0.50 

0.12 

KBr-KCf 

(single crystal) 

1.5 

0.32 

0.08 

l^aChNaB?^ 

15 

0.60 

0.08 

NaBr-Nah^"J 

35 

0.70 

0.12 

LiBr-Lih"^ 

34 

0.40 

0.12 

KCl-KI 

(present work) 

430 

0.20 

0.21 

NaBr-LiBr^""J 

8000 

0.70 

0.30 

KBr-NaBr^^"J 

34 

0.50 

0.27 

KBr-Nah^^J 

853 

0.70 

- 


The crystallite sizes were analyzed from the XRD data using PeakFit V. 4.0 
for nearly all the compositions, which vary from 37 nm to 70 nm. 
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The FT-IR analysis confirmed presence of OH group in all the samples as 
expected because both the constituent powders are very hygroscopic. The 
impurities present in IQ-rich samples can also be ascertained from FT-IR 
though in the available range of wave numbers {400 - 4000 cm ^ ) both the 
halides are not IR sensitive. 

BET measurements offered the magnitude of specific surface area. The 
specific surface area seems to increase with m/o KI which suggests smaller 
grains for compositions with higher concentration of KI and thus yielding 
higher conductivity which is evident for the case of KCl + 0.5 KI. The 
overall low values of specific surface area indicate that the surface contact 
between electrode and electrolyte may be poor which might affect the 
accuracy of measurement of conductivity. 

DC conductivity at a particular temperature was measured using CIA. All 
the plots of log Orfc vs. 1/T showed normal Arrhenius manner in which two 
distinct slopes are present separated by a knee point. 

In the present system, a maximum enhancement of cr by a factor of 430 and 
169 (i.e., more than two orders of magnitude) with respect to pure KCl is 
observed at 400° C for KCl + 6>.2 KI in the two-phase region and for KCl + 
0.8 KI in the solid solution region respectively. The conductivity 
enhancement in the two-phase region can be explained using percolation 
model. Lattice Loosening model explains the conductivity enhancement in 
the solid solution region very well. The close agreement between the 
observed and the calculated cjjdo (Figs. 4.12-4.14) and the close 
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resemblance between the 7^ vs. x (Fig. 4.16), melting temperature Tm vs. x 
(Fig. 4.15), logorfc vs. X along with Tn, K, Ea vs. x (Figs. 4.9, 4.10 & 4.11) 
provide strong support to the LL model. The CBQ model is found to predict 
the composition corresponding to the maximum conductivity quite 
accurately. 

More precise measurements in the solid solution region, 0.1 > x > 0.7, 
preferably on mixed single crystals, seem highly desirable. 
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